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ABSTRACT
The observed line-of-sight velocity dispersion σlos of the ultra diffuse galaxy Dragonfly 44 (DF44) requires a
Newtonian dynamical mass-to-light ratio of Mdyn/LI = 26+7−6 Solar units. This is well outside the acceptable
limits of our stellar population synthesis (SPS) models, which we construct using the integrated galactic initial
mass function (IGIMF) theory. Assuming DF44 is in isolation and using Jeans analysis, we calculate σlos
profiles of DF44 in Milgromian dynamics (MOND) and modified gravity (MOG) theories without invoking
dark matter. Comparing with the observed kinematics, the best-fitting MOND model has Mdyn/LI = 3.6+1.6−1.2
and a constant orbital anisotropy of β = −0.5+0.4−1.6. In MOG, we first fix its two theoretical parameters α and
µ based on previous fits to the observed rotation curve data of The HI Nearby Galaxy Survey (THINGS). The
DF44 σlos profile is best fit with Mdyn/LI = 7.4+1.5−1.4, larger than plausible SPS values. MOG produces a
σlos profile for DF44 with acceptable Mdyn/LI and isotropic orbits if α and µ are allowed to vary. MOND
with the canonical a0 can explain DF44 at the 2.40σ confidence level (1.66%) if considering both its observed
kinematics and typical star formation histories in an IGIMF context. However, MOG is ruled out at 5.49σ
(P -value of 4.07× 10−8) if its free parameters are fixed at the highest values consistent with THINGS data.
Keywords: gravitation – methods: numerical – galaxies: dwarf – galaxies: kinematics and dynamics – dark
matter.
1. INTRODUCTION
Ultra diffuse galaxies (UDGs, van Dokkum et al. 2015)
are characterised by an extremely low surface brightness of
µ(g,0) < 24 mag arcsec−2, comparable to those of dwarf
galaxies. But unlike dwarfs, UDGs have extended stellar dis-
tributions, sometimes with a size comparable to that of the
Milky Way (≈ 4 kpc).
van Dokkum et al. (2018) and van Dokkum et al. (2019a)
previously reported the discovery of two ‘dark matter-free’
UDGs, NGC 1052-DF2 (DF2) and NGC 1052-DF4 (DF4),
with line-of-sight velocity dispersions of σlos = 8.5+2.2−3.1
km/s (Danieli et al. 2019) and σlos = 4.2+4.4−2.2 km/s (van
Dokkum et al. 2019b), respectively. In both cases, the upper
limit to the halo mass is M200 . 108M (van Dokkum et al.
2018, 2019a; Wasserman et al. 2018). They argue that the
apparent lack of dark matter in DF2 and DF4 is in contrast to
Dragonfly 44 (DF44), which is gravitationally dominated by
dark matter (van Dokkum et al. 2016). This large apparent
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difference in dark matter content is surprising as DF2, DF4
and DF44 have a very similar stellar mass and morphology.
UDGs are also interesting systems for testing classical and
alternative gravity theories such as Milgrom’s modified New-
tonian dynamics (MOND, Milgrom 1983a) or Moffat’s mod-
ified gravity (MOG, Moffat 2005). UDGs generally experi-
ence internal accelerations below the characteristic MOND
acceleration of a0 = 1.2 × 10−10m/s2. Therefore, MOND
predicts a different σlos than Newtonian dynamics in the ab-
sence of dark matter. In Kroupa et al. (2018) and Haghi et al.
(2019), we calculated σlos for the UDGs DF2 and DF4 us-
ing a new analytic formulation and fully self-consistent live
N -body models in MOND. We showed that the velocity dis-
persion calculated by taking into account the external field
effect (EFE) from possible host galaxies leads to σlos being
well consistent with the observed values in both cases. The
same conclusions are reached independently by Famaey et al.
(2018).
The velocity dispersion profile of UDGs can also be mod-
eled using the appropriate Jeans equation, from which one
can derive the statistical properties of the velocity distribution
of stars (Binney & Tremaine 2008). This calculation requires
knowledge of the gravitational potential and the stellar den-
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sity distribution, in addition to some assumptions about the
shape of the velocity distribution.
Taking σlos to be a function of radius alone for eight MW
dwarf spheroidal galaxies (dSphs) and using spherical Jeans
analysis, Angus & McGaugh (2008) showed that most of
them have a MOND dynamical Mdyn/L ratio compatible
with stellar population synthesis (SPS) models. Using Jeans
analysis, Haghi & Amiri (2016) studied the internal dynam-
ics of eight MW dSphs in the framework of the MOG theory.
They showed that when letting the two MOG parameters α
and µ (Sec. 3.1) vary on a case by case basis, the best-fitted
Mdyn/L ratios for almost all dSphs are comparable with the
SPS values. However, this eliminates the predictability of the
theory.
In this contribution, we focus on DF44, a UDG in the
Coma Cluster (van Dokkum et al. 2016; Di Cintio et al.
2017). Recently, van Dokkum et al. (2019b) obtained a re-
vised mean line-of-sight velocity dispersion within its half-
light radius of σlos = 33 km/s and thus an estimated halo
mass ofM200 = 1011−1012M. DF44 has a rising σlos pro-
file, from σlos = 26±4 km/s atR = 0.2 kpc to σlos = 41±8
km/s at R = 5.1 kpc, with no observed signs of rotation.
They showed that this profile can only be fit with a standard
NFW halo if the velocity distribution has a strong tangen-
tial anisotropy (β = −0.8+0.4−0.5). A good fit also results from a
dark matter halo with a relatively flat density profile (e.g. Di
Cintio et al. 2014) and no orbital anisotropy (β = −0.1+0.2−0.3).
van Dokkum et al. (2019b) also calculated the mass profile
of DF44, finding a Newtonian dynamical mass-to-light ra-
tio in the photometric I−band of Mdyn/LI = 26+7−6 Solar
units within the effective radius of ≈ 3 kpc. The reported
Mdyn/LI is similar to other UDGs but ≈ 6× higher than
normal galaxies of the same luminosity.
Using then available data, Hodson & Zhao (2017) sug-
gested that DF44 poses a problem for MOND, leading them
to seek further modifications to the theory. The deep-MOND
dynamical mass ∝ σ4los, meaning that underestimated mea-
surement errors on σlos can lead one to prematurely conclude
against this highly non-linear theory.
Bı´lek et al. (2019) revisited the question of whether
MOND can adequately explain the internal kinematics of
DF44, taking into account the latest σlos measurements.
Assuming isotropy of the velocity dispersion tensor and
Mdyn/LI = 1.3, they found that MOND matches the ob-
served σlos in the central regions. The agreement is poorer
in the outer regions, but the MOND prediction is still within
2σ of the observations.
We use spatially resolved stellar kinematic data of DF44
to test MOND and MOG by solving the Jeans equation and
determining the expected σlos profile. Since its stars expe-
rience an orbital acceleration < a0, there will be clear wa-
ter between the Newtonian and Milgromian predictions. We
will show that the dynamics of DF44 can be explained in the
MOND alternative to dark matter using an acceptable stellar
M/LI ratio without making further ad hoc modifications to
MOND. The difference between our conclusions and those
of Hodson & Zhao (2017) arise mainly from a subsequent
downwards revision to σlos (van Dokkum et al. 2019b).
Throughout this contribution we differentiate between the
dynamical and stellar mass-to-light ratio in the photometric
I−band, Mdyn/LI and M∗/LI , respectively, with the latter
including stellar remnants. The gravity theory used to calcu-
lateMdyn/LI should be clear from the context. If Newtonian
gravitation without dark matter were correct, then the Newto-
nianMdyn/LI = M/LI . If Newtonian gravitation with dark
matter in the galaxy were to be correct, then Mdyn/LI >
M/LI . If MOND is correct (taking into account the external
field effect), then the MOND Mdyn/LI = M∗/LI always.
These statements hold for the case that tidal effects are not
important.
Our paper is organized as follows − based on photometry
of DF44 and our understanding of stars, the stellar population
synthesis (SPS) prediction for itsM∗/LI ratio is presented in
Sec. 2. After briefly reviewing the basics of the MOND and
MOG theories and introducing the Jeans equation (Sec. 3),
we present our results (Sec. 4). We then discuss our results
in Sec. 5 and present our conclusions in Sec. 6.
2. SPS PREDICTION FOR THE M∗/LI RATIO IN THE
IGIMF CONTEXT
We begin by discussing our SPS models, which we use
to provide a gravity model-independent expectation for the
M∗/LI ratio of DF44. With the correct gravity theory, this
must be consistent with what we infer from our dynamical
modeling (Sec. 4.2).
2.1. The galaxy-wide IMF
The stellar M∗/LI ratio depends on the age and metal-
licity of the stellar population and the stellar initial mass
function (IMF), which in turn depends on the metallicity
and star formation rate (SFR, Kroupa et al. 2013; Yan et al.
2017; Jerˇa´bkova´ et al. 2018; Zonoozi et al. 2019). In galac-
tic environment studies, the stellar IMF is usually assumed
to be invariant. But there are observational indications that
the galaxy-wide IMF (gwIMF) may depend on the star for-
mation environment (cloud density and metallicity), becom-
ing top-heavy under extreme starburst conditions (Dabring-
hausen et al. 2009, 2010, 2012; Marks et al. 2012; Banerjee
et al. 2012; Kroupa et al. 2013; Schneider et al. 2018; Kalari
et al. 2018; Jerˇa´bkova´ et al. 2017). The data suggest that
with increasing embedded cluster metallicity and decreasing
density, the IMF becomes less top-heavy. Changes to the
IMF have also been proposed to explain M∗/L ratios esti-
mated through integrated light analysis of globular clusters
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(GCs) in M31, which show an inverse trend with metallicity
(Zonoozi et al. 2016; Haghi et al. 2017). Another argument
supporting a systematic variation of the IMF is the fraction
of low-mass X-ray binaries in Virgo GCs and ultra compact
dwarf galaxies (Dabringhausen et al. 2012).
To quantify the gwIMF, Kroupa & Weidner (2003) formu-
lated the integrated galaxy IMF (IGIMF) theory by assuming
that all stars form in embedded clusters (Lada & Lada 2003;
Kroupa 2005; Megeath et al. 2016) and adding the IMFs of
all clusters which form in a star formation epoch. Based on
the IGIMF theory, the gwIMF is top-light (deficit of mas-
sive stars) in low mass galaxies because they are expected to
have a low SFR (U´beda et al. 2007; Lee et al. 2009; Watts
et al. 2018; Yan et al. 2017). The gwIMF is predicted to be
more top-heavy in massive galaxies with a high SFR, as is
observed (Hoversten & Glazebrook 2008; Lee et al. 2009;
Meurer et al. 2009; Habergham et al. 2010; Gunawardhana
et al. 2011; Zhang et al. 2018; Hopkins 2018).
There are also competing models based on the stochasticity
of a universal gwIMF for the deficiency of high-mass stars in
low-density regions, as suggested by deep Hα observations
of M83’s outskirts (Koda et al. 2012). The stochastic models
however face the challenge of needing to account for the sys-
tematic shift with increasing SFR of the observationally de-
duced gwIMF being top-light for dwarf disk and top-heavy
for massive disk galaxies (Lee et al. 2009; Gunawardhana
et al. 2011). Old, dormant galaxies also indicate significant
gwIMF variations at the low-mass end − elliptical galaxies
may be dominated by very low mass stars (van Dokkum &
Conroy 2010, 2011; Conroy et al. 2017), while ultra-faint
dwarf galaxies may have a deficit of low mass stars when
compared to the canonical stellar population (Geha et al.
2013; Gennaro et al. 2018). Here, we study the influence
of the gwIMF and star formation history (SFH) on the stellar
M∗/LI ratio of DF44.
2.2. The expected M∗/LI ratio in the IGIMF context
Based on the canonical gwIMF 1, the M∗/LI ratio of a 10
Gyr old DF44-like galaxy is about 1 in Solar units. Assuming
a bottom-heavy or top-heavy gwIMF, theM∗/LI ratio would
increase owing to the higher fraction of low mass stars or
stellar remnants, respectively.
Here, we use the IGIMF theory to determine DF44’s
M∗/LI ratio. In the IGIMF context, the gwIMF would be
top-heavy if the SFR> 1M/yr (Yan et al. 2017; Jerˇa´bkova´
et al. 2018). We assume a constant galaxy-wide SFR over
the duration of star formation, ∆t. Assuming an age of 10
Gyr for DF44 (van Dokkum et al. 2019b), we calculate its
1 The ‘canonical gwIMF’ or ‘canonical IMF’, is the standard invariant
two-part power-law IMF with Salpeter index of α2 = 2.3 for stellar mass
m > 0.5M and α1 = 1.3 for smaller stellar masses.
Figure 1. Top: M∗/LI versus the total I-band luminosity of a
dwarf galaxy in the IGIMF context for different star formation du-
rations of ∆t = 30, 50, 100, 200 and 500 Myr. The observed DF44
luminosity of 3×108LI is indicated by a vertical dotted line, with
20% lower and higher values shown with solid vertical lines to its
left and right, respectively (section 6.2 of van Dokkum et al. 2019b).
The green, pink and grey horizontal bands show the 1, 2 and 3σ
ranges, respectively, of the inferred Mdyn/LI in MOND, with the
best-fitting value of 3.6 shown as a dotted line (Fig. 2). Bottom:
M∗/LI ratio as a function of the star formation timescale ∆t for
the observed LI of DF44 ± its 1σ uncertainty, obtained by interpo-
lation in LI for the IGIMF (black circles) and invariant canonical
(red circles) gwIMF. In the latter case, the error bars are smaller
than the points − this is also true for the IGIMF when ∆t & 0.2
Gyr. We also ran the 1 Gyr and 3 Gyr models with an exponential
SFH, but do not show the results as M∗/LI differs by . 0.05 from
the corresponding model with a constant SFH.
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M∗/LI ratio for different values of its total mass and ∆t. The
SFR increases with decreasing ∆t, since SFR = Mtot/∆t,
where Mtot is the total mass of all stars were formed in the
galaxy.
Fig. 1 shows the calculated present-day M∗/LI ratio ver-
sus the total I-band luminosity for different ∆t. The total lu-
minosity of DF44 is (3.0± 0.6)×108LI, which we show as
vertical lines. The bottom panel of Fig. 1 shows the M∗/LI
ratio as a function of the star formation timescale ∆t. De-
creasing ∆t leads to a higher present-day M∗/LI ratio. This
is because decreasing ∆t increases the SFR which, in the
context of the IGIMF, implies a more top-heavy IMF and
hence a higher mass-to-light ratio as well as a higher average
stellar age. Assuming that ∆t > 30 Myr, the M∗/LI ratio
must be in the range 1− 4.
However, the expected M∗/LI is almost independent of
∆t for the canonical IMF since the galaxy is much older than
∆t in the range considered (red line in Fig. 1). The minor
decrease of the expected M∗/LI for the canonical IMF at
∆t ≥ 2 Gyr is due to the lower number of remnants formed
for a longer duration of star formation.
3. MODELING THE VELOCITY DISPERSION IN MOG
AND MOND
3.1. Modified Gravity (MOG)
In the weak field approximation, one can obtain the ex-
act static spherically symmetric solution of the MOG field
equation for a point-like mass by perturbing the fields around
Minkowski space-time for an arbitrary distribution of non-
relativistic matter (Moffat & Rahvar 2013). In this regime,
the MOG gravitational potential Φ(x) and gravitational ac-
celeration a(x) = −∇Φ(x) are found using the principle of
superposition as follows (see their equation 32):
Φ(x)=−G
[∫
ρ(x′)
|x−x′ | (1+α−αe
−µ|x−x′|)d3x′
]
, (1)
Here, G is the Newtonian gravitational constant, α is deter-
mined by the coupling strength of the fifth force vector, Φµ,
to the baryonic matter and µ is the range of this force. The
parameters α and µ are the free parameters of the theory that
should be universal parameters fixed by observations (Moffat
& Toth 2009). The resulting MOG acceleration from a point-
like massM in the weak field regime contains a Yukawa-type
force added to the Newtonian acceleration (Moffat 2006):
aMOG(r) =
GM
r2
{1 + α[1− e−µr(1 + µr)]}. (2)
The gravitational potential/field of an extended self-
gravitating spherically symmetric system in MOG has been
derived based on the point mass potential (Moffat & Rahvar
2013; Roshan & Abbassi 2014).
By rotation curve analysis of the THe HI Nearby Galaxy
Survey (THINGS) catalog of galaxies with a wide range of
luminosities (from LB = 7 × 107 − 5 × 1010LB), Moffat
& Rahvar (2013) have shown that α and µ are universal pa-
rameters with the values αRC = 13 and µRC = 0.15kpc−1,
respectively. They then applied the effective MOG potential
with these fixed universal parameters to a sample of spiral
galaxies in the Ursa Major catalog of galaxies and obtained
good fits to galaxy rotation curve data. However, Haghi &
Amiri (2016) showed that for almost all dSphs of the MW, the
best-fitting values of α and µ are larger than αRC and µRC .
They concluded that these parameters are not really univer-
sal constants in MOG as theoretically predicted (Green et al.
2018), but instead take different values for different classes
of objects. In Sec. 4.3, we will confirm this conclusion again
by showing that MOG with the universal parameters αRC
and µRC requires an unacceptable Mdyn/LI ratio for DF44.
Since the total luminosity of DF44 (LI = 3 × 108LI)
is well within the luminosity range of the dwarf galaxies in
their sample, in model MOG1 (see Sec. 4), we fix the MOG
parameters to the upper limits obtained from the RC analysis
of Moffat & Rahvar (2013).
3.2. Milgromian dynamics (MOND)
In the non-relativistic version of MOND interpreted as
modified gravity (comprehensively reviewed in Famaey &
McGaugh 2012), the gravitational acceleration g in an iso-
lated spherically symmetric system is related to the Newto-
nian gravity gN by (Milgrom 1983a; Bekenstein & Milgrom
1984)
gN = gµ
(
g
a0
)
, (3)
where Milgrom’s constant a0 = 1.2 × 10−10m/s2 is the
transition acceleration of the theory below which Newtonian
dynamics breaks down (Begeman et al. 1991; Famaey et al.
2007) and µ(x) is an interpolation function which is very
close to xwhen x 1 but saturates at 1 for x 1. Different
types of MOND interpolating functions have been used in the
literature. The most common families of functions were re-
viewed in Famaey & McGaugh (2012). The transition around
a0 can be interpreted to be due to the quantum vacuum (Mil-
grom 1999; Smolin 2017; Cadoni & Tuveri 2019).
As the internal acceleration of DF44 is significantly be-
low a0, the choice of interpolation function has a negligi-
ble effect on our results. Here, we use the standard function
µ(x) = x/
√
1 + x2. With this function, the MOND acceler-
ation g is related to the Newtonian acceleration gN as follows
(Milgrom 1983b):
g = gN
√√√√1
2
+
1
2
√
1 + 4
(
a0
gN
)2
, (4)
where gN ≡ GM/r2 at some 3D radius r within which the
enclosed baryonic massM (r) = LI (r)×M/LI . This is de-
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termined by combining photometric observations of LI with
the chosen or fitted stellar mass-to-light ratio M/LI .
To assess how DF44 should behave in MOND, we can ap-
ply the deep-MOND virial relation (Milgrom 1995) to esti-
mate that its globally averaged one-dimensional velocity dis-
persion should be 4
√
4GMa0/81 = 22 km/s for an I-band
luminosity of 3 × 108LI (van Dokkum et al. 2019b) and a
stellar mass to light ratio of 1 Solar unit in this band (Sec. 2).
This is rather similar to their reported velocity dispersions,
suggesting that MOND may be consistent with DF44.
3.3. Jeans analysis
In order to find σlos in a non-rotating spherically symmet-
ric system, we use the Jeans equation (Binney & Tremaine
2008):
d(ν(r)σ2r(r))
dr
+
2ν(r)
r
β(r)σ2r(r) = − ν(r)
dΦ
dr
, (5)
where r, ν(r), β(r), σr (r) and Φ(r) are the radial distance
from the center of the galaxy, the spatial number density of
stars, the velocity anisotropy, the radial velocity dispersion
as a function of radial distance and the gravitational poten-
tial, respectively. In general, β could be zero (i.e. isotropic
velocity dispersion tensor), constant or a function of r.
The observable σlos is given by
σ2los(R) =
∫∞
0
[y2 + (1− β(r))R2]r−2σ2r(y)ν(y)dy∫∞
0
ν(y)dy
,
(6)
where R and r are the 2D and 3D distances from the center
of the galaxy, respectively, and y ≡ √r2 −R2.
For the density distribution, we use a Plummer model
(Plummer 1911):
ν(r) =
(
3M
4pia3p
)(
1 +
r2
a2p
)− 52
, (7)
whereM is the total mass of the galaxy and ap is its Plummer
radius, which is≈ 1.3× smaller than the 3D half-light radius
rh (Wolf et al. 2010). In this study, we assume rh = 3.5 kpc
and a total luminosity of LI = 3 × 108LI (van Dokkum
et al. 2016, 2019b).
4. RESULTS
By adjusting the free parameters of a model, the fit to the
data can be improved or worsened. We quantify the goodness
of each fit using the reduced χ2 statistic, which is defined as
χ2N =
1
(N − P )
N∑
i=1
(σilos,theory − σilos,obs)2
σ2i
, (8)
where σi is the uncertainty of observed data point i, N = 9
is the number of data points and P is the number of degrees
of freedom in the model.
Model Mdyn/LI β α µ[kpc−1] χ2N
(P-value)
MOG 1 7.4+1.5−1.4 −0.1+0.2−0.4 13 (fixed) 0.15 (fixed) 0.43(0.15)
MOG 2 3 (fixed) 0.0+0.20−0.25 94
+20
−19 0.09
+0.01
−0.01 0.47(0.25)
MOG 3 1 (fixed) 0.0+0.20−0.25 109
+21
−20 0.18
+0.02
−0.03 0.52(0.29)
MOND 3.6+1.6−1.2 −0.5+0.4−1.6 – – 0.58(0.25)
Table 1. The results of fitting MOND and MOG models to the
observational line-of-sight velocity dispersion profile, which we ex-
tracted from van Dokkum et al. (2019b).
4.1. MOG fits
By applying the formalism described in Sec. 3 to the ob-
served data of DF44, we calculate its σlos profile. Given that
DF44 has LI = 3 × 108LI, its baryonic mass is within
the range of galaxies in the THINGS catalog. Thus, in the
first step (MOG1), we fix the MOG parameters to αRC = 13
and µRC = 0.15kpc−1, which are upper limits inferred from
fitting MOG to galaxy RCs (Moffat & Rahvar 2013).
We allow variation in the Mdyn/LI ratio and anisotropy
parameter β. As shown in Table 1, although a good fit is
achieved with reduced χ2 = 0.43, the inferred Mdyn/LI
of 7.4+1.5−1.4 for model MOG1 is larger than expected from
SPS models (Fig. 2). We also derive the uncertainty on the
Mdyn/LI ratio. The marginalized 1σ, 2σ and 3σ confidence
intervals on Mdyn/LI are indicated in the right-hand panel
of Fig. 2 as horizontal lines.
In order to produce higher values of σlos with a lower
Mdyn/LI , one needs to assign larger values of α and µ com-
pared to αRC and µRC . Given that the above αRC and µRC
are upper limits, we conclude that the best-fitting parameters
are inconsistent with limits imposed by rotation curve anal-
yses. Indeed, it has already been shown that these param-
eters should not be taken as universal constants but should
be considered as mass-dependent (Moffat 2006; Haghi &
Rahvar 2010; Haghi & Amiri 2016). For example, fits to
σlos data of the MW dSph galaxies yield average values of
αdSph = 221± 112 and µdSph = 0.41± 0.35 kpc−1 (Haghi
& Amiri 2016).
Therefore, in the second step, we let these two parameters
vary and fit the velocity dispersion data with a fixedM/LI =
3 (model MOG2) or 1 (model MOG3) Solar units. Fig. 2
shows that the MOG theory can successfully reproduce the
observed data with acceptable values of χ2. In these cases,
MOG prefers an isotropic velocity dispersion tensor of DF44
(i.e. β ≈ 0).
As shown in Table 1, the best-fitting values of 94 ≤ α ≤
109 and 0.09 ≤ µ ≤ 0.18 kpc−1 are consistent with the
results for dSph galaxies (Haghi & Amiri 2016). However,
the best-fitting α values are larger than those inferred from
rotation curve analysis of spiral galaxies, supporting the hy-
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Figure 2. Left: The best fits to the DF44 σlos(R) profile (van Dokkum et al. 2019b) obtained from the Jeans equation in MOND and
MOG models. The x-axis is the sky-projected distance. Middle: the marginalized 68% (solid line), 95% (dotted line) and 99% (dashed line)
confidence levels on Mdyn/LI for the MOND model. Right: same as the middle panel but for the MOG1 model.
pothesis that the MOG parameters are mass-dependent. This
is consistent with the trend claimed by Brownstein & Moffat
(2007) that the best-fitting values of α and µ decrease when
moving from low-mass systems (e.g. dwarf galaxies) to mas-
sive systems (e.g. dwarf and normal X-ray clusters). How-
ever, MOG does not offer a physical explanation for such a
dependency.
4.2. MOND fit
By solving the Jeans equation, we calculate σlos (R) in the
MOND framework. The best-fitting values of the mass-to-
light ratio and anisotropy parameter along with the minimum
χ2 value are given in Table 1. The MOND fit to the σlos pro-
file is shown in Fig. 2 as a red dashed line. The reduced χ2 of
0.58 is quite good, as can also be seen in Fig. 2 − the best-
fitting profile passes through 8 out of 9 data points within
their 1σ uncertainties, while the prediction for the outermost
point is only just outside its 1σ range. In this model, the
anisotropy is negative (β = −0.5) i.e. the tangential velocity
dispersion exceeds the radial one. In addition, to be com-
fortably explained in MOND, DF44 should have a Mdyn/LI
ratio of around 3.6 Solar units. Our result is in good agree-
ment with those of Bı´lek et al. (2019), who found the tangen-
tially anisotropic model with β = −0.5 and Mdyn/LI = 3.9
provides a reasonable fit to the data (see their fig 2b).
As can be seen in Fig. 2, the Mdyn/LI ratio of 3.6+1.6−1.2
inferred from our MOND dynamical model of DF44 (shown
as horizontal lines) can be acceptable in the context of the
IGIMF theory if the star formation occurred very rapidly
(within the first 50-80 Myr) and shut off thereafter (Fig. 1).
At 3σ, our MOND dynamical modeling is consistent with
M∗/LI = 1.0 (middle panel of Fig. 2). The significant un-
certainty in this is a consequence of the fact that σ ∝ 4√M in
the deep-MOND limit, allowing large changes in M∗/LI to
have a relatively modest impact on the observed kinematics.
A mass-to-light ratio of M∗/LI = 1.0 arises in our IGIMF
model for ∆t = 1 Gyr (Fig. 1). This is longer than DF44’s
dynamical timescale of tdyn = rh/σ ≈ 66 Myr if rh = 3.5
kpc and the 3D velocity dispersion σ is
√
3× the observed
σlos of 30 km/s.
A short star formation timescale, being consistent with
MOND, might also naturally explain the large size of DF44,
since gas expelled by massive stars would cause it to expand
(Wu & Kroupa 2018). This result is in line with the sugges-
tion by van Dokkum et al. (2018) that UDGs must have had
extremely high gas densities at the time of their formation
and perhaps feedback from an intense, compact star burst that
created them caused both the cessation of star formation and
their expansion to become UDGs.
In the context of the IGIMF theory, the slope of the gwIMF
above 1 M varies with the SFR. A higher SFR leads to the
gwIMF being more top-heavy, while the slope of the gwIMF
does not change for m < 1M and remains the same as the
canonical IMF (but see Jerˇa´bkova´ et al. 2018). Adopting an
age of 10 Gyr and ∆t < 500Myr, only stars withm < 1M
remain alive on the main sequence and contribute to the total
luminosity. Stars with higher masses have already evolved
and turned into remnants, so they contribute to the total mass
but not to the luminosity. Since we fix the I-band luminosity
of the modeled galaxies to be the same as DF44, adopting
the IGIMF instead of the canonical IMF only changes the
total mass of DF44 and hence its M∗/LI . DF44’s suggested
short star formation duration implies that its color will be
independent of ∆t as long as this is much less than its age.
4.3. Consistency with observations
In this section, we show the joint constraint on the M/LI
and ∆t of DF44 based on dynamical modeling and typi-
cal values of ∆t as found by Pflamm-Altenburg & Kroupa
(2009), respectively. We also show the locus of (M/LI ,∆t)
values consistent with stellar population modeling in the
IGIMF framework (Sec. 2).
We begin by plotting a 2D array of probabilities as a func-
tion of Mdyn/LI and log10(∆t) (with ∆t in Gyr). We then
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show the 68.3%, 95.4% and 99.7% confidence levels of the
probability distribution (Fig. 3). The probability P is the
product of the posterior on Mdyn/LI from the kinematics
(Eq. 8) multiplied by the likelihood of a particular star for-
mation timescale, i.e.
P (Mdyn/LI ,∆t) = P (Mdyn/LI)× P (∆t) ,where
P (∆t) ∝ exp
(
− (log10∆t− log10∆texpected)
2
2σ2
)
(9)
and ∆texpected = 2.9 Gyr is the expected ∆t from Pflamm-
Altenburg & Kroupa (2009) for an assumed gas mass of
106M (using a 10× lower or higher value has a negligible
effect). According to section 5 of their work, ∆t has a disper-
sion of σ = 0.36 dex. We impose an upper limit of ∆t ≤ 10
Gyr since the red colour of DF44 shows it did not form stars
very recently. Since our dynamically inferred posteriors on
Mdyn/LI (Fig. 2) are calculated for fixed LI = 3×108LI,
we convolve our P (M/LI) with a Gaussian in log10(LI)
of width 0.088 = 12 (log10(1.2)− log10(0.8)), thereby ac-
counting for a 20% uncertainty in LI (section 6.2 of van
Dokkum et al. 2019b).
To quantify the consistency of each model with observa-
tions, we change the confidence level until the correspond-
ing contour just intersects one point on the SPS track of
(M∗/LI ,∆t). In this way, we find that MOND is consis-
tent with observations at 1.66%, which corresponds to 2.40σ
for a Gaussian distribution. However, MOG1 is consistent
with observations only at the 4.07 × 10−8 level (5.49σ), so
our results rule out MOG in its present form − we are al-
ready setting its free parameters to the upper limits allowed
by THINGS (Sec. 4.1).
The MOND model marginally matches the data if we bear
in mind that there must occasionally be 3σ outliers from the
correct theory. Given that we have accurate kinematics for
≈ 200 galaxies and MOND works well in the vast major-
ity of them (Li et al. 2018), we expect to come across a few
cases where the consistency is only at the percent level. In-
deed, it would be somewhat unusual if MOND explained all
observed galaxies within 2.4σ. However, there should be
no 5.5σ events within a sample of this size, showing that
presently available data on DF44 rule out the MOG model
if its free parameters are universal (as claimed by its propo-
nents, Green, Moffat, & Toth 2018) and our other modeling
assumptions are correct. If DF44 has some rotation within
the plane of the sky, its self-gravity would be even stronger
than we assumed, thus requiring an even largerMdyn/LI and
making the situation worse for MOG. The same is true if we
use the canonical IMF instead of the IGIMF as the former
predicts M∗/LI = 1 (Fig. 1).
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Figure 3. Indicated contours of the joint probability of the stellar
Mdyn/LI ratio and log10(∆t/Gyr) for MOND (top panel) and
MOG1 (bottom panel), calculated with Eq. 9. In both panels,
the red tracks are M∗/LI values of our SPS models in the IGIMF
framework for LI = (3.0± 0.6)× 108LI (Sec. 1) while the blue
contours marginally intersect a point on these tracks.
5. DISCUSSION
van Dokkum et al. (2019b) recently reported a revised
stellar velocity dispersion within the effective radius for the
UDG known as DF44, implying its Newtonian Mdyn/LI ≈
26 Solar units. They argue that the galaxy is gravitationally
dominated by dark matter, in apparent contrast to the UDGs
DF2 and DF4. They claimed that the MOND-predicted
velocity dispersion of DF44 is lower than the observed
value, challenging alternatives to dark matter theories such
as MOND.
We took DF44 to be in equilibrium by adopting a simpli-
fied density profile without any tidal interaction. Tidal dis-
ruption scenarios cannot easily be reconciled with the high
GC counts of UDGs in Coma and their lack of obvious tidal
features. The fact that DF44 appears to live in a dynami-
cally cold environment (van Dokkum et al. 2019b, their sec-
tion 6.1) can be interpreted as evidence against tidal heat-
ing by the Coma cluster. However, some tidal heating could
increase the velocity dispersion in the outer parts of DF44,
easing the tension with MOND (Bı´lek et al. 2019).
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In addition to neglecting tides, our MOND calculations as-
sume no external field effect (EFE; see Famaey & McGaugh
2012 for a review and discussion of the MOND-unique EFE;
see also Wu & Kroupa 2015 for an accessible description).
Since the internal acceleration is gint ≈
√
GMa0/rh =
0.24 a0 for M∗/LI = 1, the EFE would not significantly
affect our results as long as the external field (EF) is much
weaker than this. The MOND dynamical mass of the Coma
cluster is 4.6× 1014M (Sanders 2003). This implies DF44
is 3.0 Mpc from the center of the Coma cluster, in which
case DF44 is not in the cluster. This is entirely consistent
with its sky-projected separation of ≈ 1.7 Mpc (Bı´lek et al.
2019, their section 3.1) and the observation that two other
galaxies, DF42 and DFX2, have a radial velocity within 100
km/s of the value for DF44, suggesting these are part of a
different group which is dynamically much colder than the
Coma cluster (van Dokkum et al. 2019b, their section 6.1).
For a MW-like galaxy with M = 1011M to provide an EF
comparable to gint, the separation with DF44 would need to
be . 24 kpc. There is no such galaxy so close to DF44,
strengthening confidence in our assumption that it can be
treated as isolated.
So far, we have assumed that DF44 is at a downrange dis-
tance of D = 100 Mpc based on its redshift. However, it
may have a peculiar velocity of a few hundred km/s. The
MOND-predicted σlos ∝
√
D for fixed M/LI and apparent
magnitude (Kroupa et al. 2018). Since σlos ∝ 4
√
M in the
deep-MOND limit (Milgrom 1995), the MONDMdyn/LI ∝
D−2. Thus, placing DF44 just 10% further away reduces the
best-fitting Mdyn/LI to 3.0, improving the agreement with
SPS expectations. Its observed velocity dispersion could also
have been overestimated slightly.
Our analysis prefers a relatively short formation time scale
for DF44. This can occur if it is a tidal dwarf galaxy (TDG)
and lost its gas reservoir by ram pressure or tidal stripping i.e.
if it was quenched (Weisz et al. 2015). The temporal evolu-
tion of the quenched fraction can also provide clues as to how
quickly dwarf galaxies can undergo quenching. For exam-
ple, in the lowest-mass systems, nearly 40% already appear
to be quenched by ≈ 12 Gyr ago, which implies a quenching
timescale of 1-2 Gyr (Weisz et al. 2015). Therefore, DF44
may well have been quenched within 1 Gyr of its formation.
Once there is no further gas supply, the available gas is
consumed on a dynamical time-scale. Pressure supported
systems do indeed form within a few dynamical times, as is
nicely evident in elliptical galaxies − see the downsizing re-
sults by Thomas et al. (1999) and Recchi et al. (2009). Since
DF44 is pressure-supported (van Dokkum et al. 2016), it may
well have a somewhat shorter ∆t than estimated by Pflamm-
Altenburg & Kroupa (2009) since their work only considered
late-type galaxies.
6. CONCLUSION
We constructed SPS models of DF44 in the IGIMF frame-
work to estimate its stellar M∗/LI ratio independently of the
assumed gravity law. We then used spatially-resolved kine-
matic data of DF44 to infer its dynamical Mdyn/LI in the
framework of MOG and MOND, which are alternative ap-
proaches to the cold dark matter hypothesis. The main con-
clusions of these calculations are as follows:
• First, we used MOG with the upper limits αRC = 13
and µRC = 0.15kpc−1 inferred from fits to galaxy ro-
tation curves (Moffat & Rahvar 2013). The only free
parameter was the stellar M∗/LI ratio. We found that
these models provide a reasonably good fit, but the re-
quired high near-infrared Mdyn/LI ratio of ≈ 7.4 So-
lar units is completely inconsistent with stellar popu-
lation synthesis modeling for any plausible star forma-
tion duration.
• Then, we let α and µ vary as free parameters and fitted
the velocity dispersion data assuming M∗/LI = 1 and
3 Solar units. The best-fitting values of α and µ are
larger than αRC and µRC , supporting the hypothesis
that the MOG parameters are mass-dependent. They
are compatible with the average values of α = 221 ±
112 and µ = 0.41 ± 0.35kpc−1 obtained from fitting
MOG to σlos data of the MW dSph galaxies (Haghi &
Amiri 2016). These values are significantly larger than
αRC and µRC inferred from fits to the rotation curves
of spiral galaxies (Moffat & Rahvar 2013).
• We calculated the σlos profile of DF44 in MOND and
found that the best fitting model with constant orbital
anisotropy has β = −0.5+0.4−1.6 and a stellar mass-to-
light ratio of Mdyn/LI = 3.6+1.6−1.2 Solar units. Ob-
taining M∗/LI = 3.6 requires a star formation dura-
tion ∆t ≈ 40 Myr. However, the 3σ lower limit on
Mdyn/LI is 1.0, consistent with the canonical IMF
and expectations from SPS modeling in the IGIMF
context for ∆t < 1 Gyr (Fig. 1).
• By considering the joint constraints on M/LI and ∆t
from dynamical modelling and observations of other
galaxies, respectively, we showed that MOND is con-
sistent with our ∆t = 2 Gyr star formation model
of DF44 at 2.40σ (1.66% confidence). The same ap-
proach shows that MOG is ruled out at 5.49σ since
it has only a 4.07 × 10−8 chance of explaining the
observations even if α and µ are set to the upper limits
inferred from rotation curve fitting.
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